We demonstrated the capillary force lithography (CFL) method for controlling the azimuthal anchoring energy of a liquid crystal (LC) alignment layer. When a thermoplastic polymer film is heated to over the glass transition temperature, the melted polymer is filled into the mold structure by the capillary action and the aspect ratio of the pattern is determined by the dewetting time of the CFL process. Here, the proposed method showed that the azimuthal anchoring energy of the LC alignment layer could be simply controlled by the surface relief patterns which were determined by the dewetting times during the CFL patterning.
Introduction
In liquid crystal displays (LCDs) and other liquid crystal (LC)-based devices, the surface anchoring properties of LC molecules on an LC alignment layer is one of the most important factors determining their electro-optic properties (EO). The physical model of LC anchoring is decomposed into two anchoring energy terms of azimuthal anchoring and polar anchoring. The LC anchoring mechanisms on surfaces are explained by the topological effects on a groove surface [1] and the chemophysical effects on a polymer surface with aligned polymer chains [2] . Between the two anchoring mechanisms, the topological effects explain why the LC molecules align along the groove direction through the minimization of the elastic strain energy of LC molecules on the surface relief structure, which was first examined by Berreman [1] . According to the Berreman's derivation, the azimuthal LC anchoring energy of the solid groove surface is determined by the aspect ratio of the periodic groove structure. Until now, several surface modification methods have been proposed to make micro-grating structures and to control the azimuthal anchoring energy.
However, conventional surface modification methodssuch as laser etching [3] or ablation of polymer layers, stamping for morphological changes [4] , formation of surface relief structure on azo-dye doped polymer films, photolithographic methods [5, 6] , and AFM scribing [7] [8] [9] are not convenient for fabrication and some are inadequate for mass-production. Most importantly, it is difficult to control the aspect ratio, which is essential in azimuthal anchoring control, when these conventional approaches are used.
In this work, we introduce a capillary force lithographic patterning method [10] [11] [12] which can easily control the aspect ratio of micro-grating surface patterns. The proposed method shows the anchoring energy of an LC alignment layer can be controlled only by varying the dewetting time of a thermoplastic polymer layer preserving conformal contact of an elastomeric mold during the capillary force lithography (CFL) process. Here, we discuss the topological surface modification produced by the CFL patterning and resulting azimuthal LC anchoring control with a thermoplastic polymer of polymethlymethacrylate (PMMA: Sigma-Aldrich Co.). Fig. 1 shows our CFL patterning process for producing the periodic surface patterns. First, a thermoplastic polymer in solvent was spin-coated on a glass substrate and the polymer layer was cured. In our experiment, we used PMMA as a thermoplastic polymer for CFL patterning. On the PMMA film, we put an elastomeric mold preserving the conformal contact without pressure. Then, the substrates were heated above the glass transition temperature (T g ) of PMMA and the PMMA film were melted. During this annealing process, the mold structure sank down to the PMMA layer and the melted polymer was filled into the mold structure by the capillary action [11, 12] . After cooling down to room temperature, the mold was carefully removed and the patterned PMMA structure was obtained. In the final structure, the aspect ratio and the morphology of the pattern were determined by the dewetting time, or the capillary filling time, of the CFL patterning and the wetting properties between the melted polymer and the mold surface [11, 12] .
In selecting patterning materials, T g of a thermoplastic polymer is important in two aspects. To minimize the thermal expansion of the mold structure and to avoid distortion patterning process with a thermoplastic polymer : (a) preparing an elastomeric mold, spin-coating and then curing an thermoplastic polymer, (b) contacting the mold structure on the thermoplastic polymer layer without pressure, (c) schematics of capillary filing of the melted thermoplastic polymer into the mold structure over the glass transition temperature (T g ) of the thermoplastic polymer, (d) the structure after the dewetting process, (e) the patterned polymer structure after removing the mold. The PMMA has another merit in investigating topological effects on LC anchoring since the PMMA acts as a surface gliding layer. There is only very weak chemophysical interaction between the PMMA surface and LC molecules as shown in the chemical structure of Fig. 3(a) . The effect of the PMMA chain ordering on LC anchoring was checked by observing the LC texture ( Fig. 3(b) ) through the polarizing optical microscope (POM), where the LC was filled at T>T NI between the antiparallel-rubbed PMMA layers. The surface memory effect induced by the surface wetting on LC anchoring were also checked by preparing the LC cell having a directional ordering by the flow effects and then heating over T NI . The schlieren textures of Figs. 3(b) and (d) mean that we can neglect the chemophysical effect on the LC anchoring in our PMMA.
Figs. 4(a) and (b) show the SEM images of the patterned SiO 2 master substrate and the PDMS mold substrate, respectively. The periodicity (λ) and the height (h) of the groove pattern in the master substrate was λ = 4 µm and h =900 nm, respectively. The PDMS mold was replicated from the master substrate and the periodicity of the PDMS pattern was also λ = 4 µm. With the PDMS mold, we patterned the PMMA layer with the CFL method by varying the dewetting time (t d ). The elastomeric PDMS mold could be re-used several times without severe damage of the mold pattern. The AFM images in Fig. 5 show the surface profiles of the patterned PMMA layer obtained at different dewetting times. The periodicities of the PMMA patterns were the same for all samples. However, the heights (2u) of the patterns increased as t d increased, which means that the aspect ratio of the PMMA pattern was increased as t d increased. 
Control of azimuthal anchoring by CFL patterning
The azimuthal anchoring energy (W φ ) of the patterned PMMA surface was checked by preparing twisted nematic cells as shown in Fig. 6 . As the other substrate, the unidirectionally rubbed polyimide (PI) layer was used. The rubbed PI surface was assumed as infinite anchoring surface along the rubbing direction. The azimuthal anchoring energy can be obtained as follows [13] ,
where K 22 , φ, and d are the twist elastic constant of the LC, the twist angle of the LC structure, and d is the cell gap, respectively. K 22 of E7 is 6.5*10 -12 N. The cell gaps measured in our samples are listed in Table 1 . Once we know the exact twist angle of the LC structure, we can derive the azimuthal anchoring energy of the patterned PMMA surface. To obtain twist angle of each LC cell, we irradiated the linearly polarized probe beam onto the rubbed PI surface of the LC cell (Fig. 6) , where the incident polarization was parallel to the rubbing direction of the PI. Then, we measured the polarization state of the output beam by rotating an analyzer. Here, we used He-Ne laser as the probe beam. Fig. 8 shows the normalized light transmittances of the LC cells measured by rotating the transmission axis of the analyzer with respect to the rubbing direction of the PI layer. By fitting the results of Fig. 8 with the Malus' law, we obtained the rotation angles of the polarizations at each sample, which are summarized in Table 1 . The twist angle (φ) of the LC structure at each sample can also be obtained by fitting the results of Fig. 8 with the following equation derived from the Jones calculus. Table 1 .
From Eq. (1) and the fitted φ's, the azimuthal anchoring energy at each PMMA surface was obtained and the results are summarized in Table 1 and plotted in Fig. 9 (a) . Fig. 9 Fig. 9(b) . Fig. 9(b) shows the PMMA pattern obtained at t d = 60 min does not follow the Berreman equation,
. The reason is that the surface topology of the PMMA pattern is not a sinusoidal pattern at t d = 60 min. This means that we have to consider the shape of the mold pattern as well as the wetting properties of the melted polymer on the mold surface if we want to control the azimuthal anchoring energy of the thermoplastic polymer surface having a predictable as well as a sufficient value. 
Conclusions
We have demonstrated that the azimuthal LC anchoring energy of a thermoplastic polymer surface can be easily controlled by varying the dewetting time during CFL patterning. We found that the aspect ratio increases as the dewetting time increases. Since the aspect ration of the surface grating pattern determines the LC anchoring energy due to the topological effects, we can expect and design the amount of the azimuthal anchoring energy. The experimental results show that we can get sufficient anchoring energies in obtaining uniform LC texture within tens of minutes with single soft-lithographic patterning process. Although the presented patterns are simple periodic line patterns, we can modify the grating directions and the aspect ratio of the grating pattern arbitrarily only by designing and changing the elastomeric mold structure. Therefore, it is concluded that the proposed method can be used to develop complex LC geometries induced by the patterned surface can be easily obtained and new LC mode.
